Abstract Eutrophication and globalisation facilitate the dominance of exotic plants in aquatic ecosystems worldwide. Aquatic omnivores can provide biotic resistance to plant invasions, but little is known about whether obligate aquatic herbivores can do the same. Herbivores such as insects can decimate aquatic vegetation, but may not be able to consume exotic plants due to their more or less specialised nature of feeding. We experimentally tested the larval feeding of an aquatic insect, the moth Parapoynx stratiotata, on eleven submerged plant species, from either native or exotic origin. We also tested whether insect herbivory stimulates nutrient and organic matter release, thus affecting water quality. Larvae of P. stratiotata consumed seven out of eleven plant species, and their growth was related to plant nutrient content and stoichiometry. However, larvae had no preference for either native or exotic macrophytes, and their plant preference was not related to the measured plant traits, but was possibly driven by secondary metabolites. Through plant consumption, caterpillars induced brownification and phosphate release, and the intensity thereof varied among plant species, but not between native and exotic plants. In conclusion, P. stratiotata showed strong feeding preferences demonstrating that aquatic insects can directly and indirectly alter water quality and vegetation composition.
Introduction
Eutrophication and globalisation cause a worldwide increase of invading exotic plants in aquatic ecosystems (Meyerson & Mooney, 2007) . Exotic plants are introduced through aquaculture and global plant trade (Kay & Hoyle, 2001; Martin & Coetzee, 2011; Hussner, 2012) and they rank among the top four threats to freshwater biodiversity (Dudgeon et al., 2006) with more than 96 invasive exotic aquatic plants already established in Europe (Hussner, 2012) . They grow fast, disperse quickly and easily establish in eutrophied ecosystems (Simberloff et al., 2011) . As a result, plant invaders dominate many disturbed habitats (MacDougall & Turkington, 2005; Simberloff et al., 2011) . Notorious aquatic plant genera are Hydrilla (L.f.) Royle, Myriophyllum L. and Elodea Michx., and their management costs millions of euros annually (Langeland, 1996; Oreska & Aldridge, 2011; Zehnsdorf et al., 2015) . An open question is whether native herbivores can provide biotic resistance to plant invasions. This will depend strongly on herbivore feeding preferences for certain plant species. There is contrasting evidence: native herbivores preferred exotic aquatic plant species in several studies (Parker & Hay, 2005; Morrison & Hay, 2011) , but preferred native plants in other studies (Xiong et al., 2008) . We hypothesised that the preference of native herbivores for certain plant species is related to the plant quality.
Plant nutrient content may affect both the invasiveness of plants and their susceptibility to herbivores. The growth rate hypothesis predicts that fast growth, often found in invasive plant species, requires rapid protein synthesis in plants, and much phosphorus-rich RNA (Sterner & Elser, 2002) . As both plant and herbivore growths are limited mostly by nitrogen (N) and phosphorus (P) (Mattson, 1980; Barko & Smart, 1986; Barko et al., 1988; Smith et al., 1999) , rapidly growing plants may be better food for herbivores than slow growing ones, because the N and P contents of such plants are relatively high. For example, rudd and grass carp prefer aquatic plants with lower C:N ratios, resulting from a higher N content (Dorenbosch & Bakker, 2011) . Besides elemental stoichiometry, plants can differ in chemical feeding deterrents, and also in the ratio of deterrents to feeding attractants (Cronin et al., 2002; Gross & Bakker 2012) . The aquatic caterpillar Acentria ephemerella Denis & Schiffermüller can grow on the chemically well-defended M. spicatum, but it grows better on the more nutritious, less-defended P. perfoliatus L. (Choi et al., 2002) . Similarly, fish ate more of the well-defended M. spicatum when it contained more nitrogen (Dorenbosch & Bakker, 2011) . Interestingly, foliar traits differ between native and exotic species (Penuelas et al., 2010) . Therefore, native herbivores could potentially restrict exotic plant growth and allow growth of other plant species by selective consumption, if exotic plants are favoured food items.
Until now, herbivore preferences for exotic or native aquatic plant species have been mainly studied using omnivorous animals. However, specialist herbivores may suppress exotic plant growth better than omnivores, even though aquatic habitats contain fewer specialist herbivores than terrestrial habitats (Newman, 1991; Harrison et al., 2008; Gross & Bakker, 2012) . More specialised herbivores can be effective agents of biotic resistance, such as milfoil weevils (Euhrychiopsis lecontei Dietz) and the aquatic moth Acentria ephemerella that consume exotic M. spicatum (Johnson et al., 1997 (Johnson et al., , 2000 Solarz & Newman, 2001 ). In addition, plants cannot easily recover from insect herbivory through regrowth, because many insects target not only leaves, but also stems and apical meristems (Newman, 1991; Johnson et al., 1997 Johnson et al., , 2000 Choi et al., 2002; Fornoff & Gross, 2014) . The massive outbreak of insect herbivores can decimate dense stands of macrophytes and alter the plant species composition by direct feeding impacts (Johnson et al., 1997 (Johnson et al., , 2000 Gross et al., 2001 ). Furthermore, they can indirectly affect vegetation composition by releasing nutrients and organic compounds through excretion following the consumption of large amounts of macrophytes (Newman, 1991; Vanni, 2002) . The microbial degradation of dissolved organic compounds into humic acids can then cause brownification of the water (Roulet & Moore, 2006; Graneli, 2012) , which affects light availability and vegetation composition (Mormul et al., 2012) .
In this study, we assessed the preference of a herbivorous insect for native and exotic plant species, and we investigated how its consumption affects nutrient release and water quality. We expected that plant stoichiometry and nutrient content, but not plant origin, would explain herbivore preference and herbivore-induced effects on water quality.
Materials and methods

Study species
The Ringed China-mark (Parapoynx stratiotata L. 1758; Crambidae) is a native European moth with an aquatic larval stage that requires host plants for habitat and food (Lekic, 1971; Vallenduuk & Cuppen, 2004) . Field observations showed that P. stratiotata can decimate aquatic vegetation (Gaevskaya, 1969; Spencer & Lekic, 1974) 
Feeding trials
We used no-choice feeding trials to determine the palatability of the plant species to the caterpillars, following the design of feeding trials for pond snails (Elger & Lemoine, 2005) . We rinsed freshly collected plant parts under running tap water and prepared portions of non-apical shoots (0.5 g fresh mass), or in the case of P. lucens: whole leaves. We carefully blotted plant parts dry with paper towel and weighed them to the nearest milligram fresh mass before use in the feeding trials.
We collected caterpillars from plant culturing tanks at the Netherlands Institute of Ecology for use in the experiment. Larvae were held in tap water (19°C) for 24 h prior to feeding trials. We used three larvae in each experimental unit to reduce variation in feeding. Larvae were divided into three groups based on their body length (small: 10-12 mm, medium: 13-15 mm and large: 16 mm or greater), and we randomly added one individual from each size group to experimental units with herbivores. For the feeding trials, we used eight experimental units per plant species: four with added herbivores and four without herbivores to account for autogenic changes in plant mass (Elger & Barrat-Segretain, 2002) . Rectangular plastic trays (11 9 15.5 9 5 cm) filled with 500 ml tap water served as experimental units. At the start of the experiment, we added plant portions to all trays, photographed them and then released caterpillars in half of the trays per plant species. Plant biomass was abundant to allow unrestricted feeding during the experiment. We placed all trays in a room (19°C) with daylight and allowed larvae to feed for 96 h. Larvae were then transferred to trays with fresh tap water where we waited for them to empty their gut (i.e. it was not visibly green, brown or black) prior to freezing them in Eppendorf tubes. Later we unfroze larvae, dried them at 60°C and weighed them (mg dry mass). We measured the carbon and nitrogen content of caterpillars using a FLASH 2000 organic elemental analyser (Interscience BV, Breda, the Netherlands) and measured the phosphorus content by incinerating samples at 550°C for 30 min, autoclaving them in a 2% potassium persulfate (K 2 S 2 O 8 ) solution at 121°C before measuring phosphate levels of the supernatant using a QuAAtro segmented flow AutoAnalyzer (Beun de Ronde, Abcoude, the Netherlands). At the end of the trial, leftover plant fragments were removed from the trays, blotted dry and weighed to the nearest milligram fresh mass. Subsequently, we dried the fragments (60°C to constant dry mass) and weighed them once more to determine post-experiment dry mass. Also we analysed the water of each experimental unit, and of four tap water background samples, for nitrate, nitrite, ammonium and orthophosphate using an AutoAnalyzer (QuAAtro, Seal Analytical, Fareham, UK). We quantified brownification of the water based on absorbance at 510 nm (Lambda 800, PerkinElmer, Waltham, USA) (Smolders et al., 2003) .
Chemical plant analyses
We measured the nitrogen (N), carbon (C), phosphorus (P), dry matter (DMC) and total phenolics content (TPC) of all plant fragments. Dry plant fragments were finely ground using a ball grinder (Retch MM301, Haan, Germany). We measured C and N contents of the ground dried plant material using an organic elemental analyser (FLASH 2000, Thermo Scientific, Waltham, MA, USA). We determined the P content of plant fragments by incinerating 500 lg at 500°C for 30 min, then digesting the remainder with 5 ml of 2.5% persulfate in an autoclave (30 min at 121°C) before analysing phosphorus of the supernatant on an AutoAnalyzer (QuAAtro method Q-037-05, Seal Analytical, Fareham, UK). To analyse plant TPC, we extracted plant material with 80% ethanol for 10 min at 80°C, then we added sodium dodecyl sulphate solution and FeCl 3 reagent and measured the absorbance at 510 nm on a spectrophotometer in triplicate (Synergy HT Microplate Reader, BioTek, Winooski, VT, USA) against a tannic acid calibration curve (Mole & Waterman, 1987; Smolders et al., 2000) .
Data analysis
We determined whether caterpillars had consumed plant species or not by analysing the difference between pre-and post-experiment plant fresh mass. We incremented each difference, referred to as fresh mass change, with 48 mg to remove negative and zero values. These negative values were caused either by plant growth, or by variance in the extent of blotting plant fragments dry. We then assessed whether the square-root transformed fresh mass change differed between control versus herbivory treatments using a two-way ANOVA (factors: plant species x herbivory). The ANOVA justified whether or not we could perform post hoc tests of pair-wise contrasts between both treatments for each plant species. We compared the square-root transformed fresh mass change among the consumed plant species using the appropriate post hoc contrasts. In addition, we assessed whether or not mean caterpillar consumption differed between native and exotic plant species using a separate ANOVA (factors: plant origin and plant species).
Variations in feeding and in the pooled caterpillar dry mass were analysed using ANOVA and regression. The following plant parameters were included: C, N, P, C:N, C:P, N:P, DMC, and TPC. We assessed indirect effects of herbivory on water nutrients and brownification using ANOVA to compare herbivore to control treatments and to compare interspecific differences. We excluded one outlier for C. demersum phosphate measurements as it was much lower than all other values and caused problems with model assumptions, however if included, the results were similar and also significant. Subsequently, we performed separate ANCOVAs on water phosphate and brownification including plant species as a factor and the fresh mass eaten by caterpillars as a covariate.
We checked that the final statistical models fulfilled assumptions of homogeneity and normality. All data were analysed in R version 3.0.3 using the multcomp, MASS and car packages.
Results
Plant and herbivore stoichiometry
Plant stoichiometry, nutrient content and total phenolics content (TPC) varied strongly among plant species, but not between native and exotic plants ( Table 1) . On average, native and exotic plants had similar C:N, C:P, N:P, N, P and TPC values. The chemical composition of caterpillars differed at the end of the experiment, depending on the plant species they had been offered (Table 1) . Furthermore, caterpillars had much lower C:N and C:P values than plants.
Consumption
The larvae of P. stratiotata consumed native (0.25 ± 0.09, mean ± SEM) and exotic plants (0.18 ± 0.07, mean ± SEM) in equal amounts (ANOVA; origin: F 1,33 = 0.05, P = 0.83). However, we found large interspecific differences in consumption of the eleven tested aquatic plants (two-way ANOVA; herbivory treatment: F 1,66 = 481, P \ 0.001; plant species: F 10,66 = 21, P \ 0.001; interaction: F 10,66 = 22, P \ 0.001). Larvae consumed seven plant species and left four species unharmed: C. contraria, Myriophyllum verticillatum, R. circinatus and C. caroliniana ( Fig. 1 ; within-plant post hoc: P \ 0.05). For the plants eaten, C. demersum and Myriophyllum heterophyllum lost significantly more fresh mass to herbivory than E. nuttallii, M. spicatum and P. lucens ( Fig. 1A ; between plant post hoc: P \ 0.05).
Feeding determinants and growth of P. stratiotata larvae Larval plant consumption was not related to plant elemental stoichiometry, nutrient content, dry matter content or total phenolics content (P [ 0.05; Supplementary Material Fig. S1 ). However, the pooled final larval dry mass varied greatly between plant species ( Fig. 1B; one-way ANOVA, F 10,33 = 8.7, P \ 0.001) Table 1 Plant nutrient stoichiometry (molar ratios), nutrient content (% dry mass) and total phenolics content (TPC) of all eleven tested plant species (mean ± SD) and grouped for native and exotic plant species. In addition, the final pooled chemical caterpillar composition is shown Plant species (abbreviation) Chemical plant composition 
28.9 ± 8.8 227.5 ± 178.1 7.5 ± 4.6
1.7 ± 0.5 0.6 ± 0.3 2.2 ± 0.3 5.0 ± 0.57 55.6 ± 8.7
11.1 ± 1.1 10.4 ± 0.71 2.1 ± 0.24
32.5 ± 4.1 351.3 ± 51.6 10.8 ± 1.0 1.0 ± 0.2 0.2 ± 0.04 1.2 ± 0.04 4.2 ± 0.21 60.4 ± 10.5 14.7 ± 3.1 12.3 ± 0.61 1.9 ± 0.29
32.1 ± 0.7 445.9 ± 50.1 13.9 ± 1.4 1.5 ± 0.1 0.2 ± 0.03 7.6 ± 0.5 4.8 ± 0.13 57.8 ± 3.0 12.2 ± 0.8 11.2 ± 0.28 2.1 ± 0.13
25.6 ± 7.4
382.6 ± 7.4 14.7 ± 2.0 1.9 ± 0.6 0.3 ± 0.1 3.6 ± 0.7 4.4 ± 0.26 66.6 ± 7.2 15.2 ± 1.0 11.8 ± 0.34 1.7 ± 0.18
Potamogeton lucens (POTLUC)
19.7 ± 1.6
248.0 ± 52.6 12.7 ± 2.8 2.4 ± 0.2 0.4 ± 0.09 3.3 ± 0.5 5.4 ± 0.43 63.8 ± 13.7 11.8 ± 2.5
9.70 ± 0.71 1.9 ± 0.34
Potamogeton pusillus (POTPUS) 31.5 ± 1.6 365.0 ± 31.7 11.6 ± 1.0 1.5 ± 0.1 0.3 ± 0.02 1.9 ± 0.2 5.8 ± 1.46 77.9 ± 15.1 13.5 ± 1.7 9.58 ± 1.59 1.6 ± 0.22
31.4 ± 2.3 219.6 ± 25.1 7.0 ± 0.9 1.5 ± 0.1 0.5 ± 0.05 2.3 ± 0.3 4.1 ± 0.33 67.0 ± 13.5 16.3 ± 2.6
12.4 ± 0.71 1.7 ± 0.33
Mean native species 28.8 ± 4.7 320.0 ± 88.1 11.2 ± 3.0 1.6 ± 0.4 0.4 ± 0.1
18.9 ± 1.0 210.2 ± 5.6 11.2 ± 0.5 2.5 ± 0.1 0.5 ± 0.01 3.6 ± 0.3 4.3 ± 0.38 55.5 ± 15.9 13.1 ± 3.9
12.0 ± 0.92 2.2 ± 0.62
Elodea nuttallii (ELONUT)
30.0 ± 6.0 234.6 ± 40.8 7.9 ± 0.3 1.5 ± 0.3 0.4 ± 0.07 2.1 ± 0.2 5.2 ± 0.60 64.0 ± 9.8 12.3 ± 0.65 10.5 ± 0.96 1.9 ± 0.25
48.7 ± 2.2 807.0 ± 154.3 16.5 ± 2.6 0.9 ± 0.1 0.1 ± 0.02 3.8 ± 0.1 4.8 ± 0.37 48.1 ± 1.7
10.2 ± 1.1 10.7 ± 0.78 2.3 ± 0.08
16.0 ± 1.6
224.0 ± 35.4 14.0 ± 1.1 2.8 ± 0.3 0.5 ± 0.07 4.1 ± 0.7 5.9 ± 0.98 78.4 ± 16.1 13.3 ± 0.8 9.58 ± 1.10 1.6 ± 0.22
Mean exotic species 28.4 ± 14.8 369.0 ± 292.2 12.4 ± 3.7 1.9 ± 0.9 0.4 ± 0. and was negatively related to the plant's C:N ( Fig. 2 ; regression, R 2 = 0.86; P = 0.002) and C:P ratio (R 2 = 0.54; P \ 0.036), positively related to plant nitrogen content (R 2 = 0.79; P = 0.005), but not related to the plant phosphorus content (R 2 = 0.28; P = 0.13). Carbon content and TPC were not related to the final larval dry mass (P = 0.76 and P = 0.68, respectively). Among plants, the plant phosphorus and nitrogen content were weakly positively correlated (Pearson correlation; r = 0.60, n = 11, P = 0.049).
Nutrient release
Herbivore presence resulted in higher water phosphorus concentrations (herbivory treatment: F 1,65 = 132.7, P \ 0.001) and water brownification (herbivory treatment: F 1,66 = 110.7, P \ 0.001; Supplementary Material Fig. S2) , and the intensity of these herbivore-induced effects differed substantially among plant species ( Fig. 3; for phosphate: F 10,31 = 11.1, P \ 0.001 and for brownification: F 10,66 = 5.8, P \ 0.001). The highest water phosphate concentration was Fig. 1 Herbivore-induced fresh mass difference and the pooled caterpillar final dry mass for each of the eleven tested macrophyte species (mean ± SEM, n = 4). Different letters indicate statistically significant differences between plant species. Species abbreviations are listed in Table 1 found in the presence of herbivores in the C. demersum, E. nuttallii, M. heterophyllum, P. lucens and P. pusillus treatments (Fig. 3A) . Brownification was most pronounced when herbivores fed on E. nuttallii, M. spicatum, P. lucens and P. pusillus, with absorbance values reaching 0.015-0.020 (Fig. 3B) . Furthermore, the water phosphate concentration (F 1,31 = 11.9, P = 0.002), but not brownification (F 1,32 = 1.5, P = 0.23), depended on the amount of fresh mass consumed by caterpillars. Phosphate release was also positively related to the plant phosphorus content (Fig. 4 ; regression, R 2 = 0.8, P = 0.010), but if the plant phosphorus content was tested with the fresh mass consumed using multiple regression, the latter was not significant (F 1,4 = 0.8; P = 0.43). In contrast to phosphate, herbivory did not increase levels of nitrate, nitrite, or ammonium in the water, as we found similar concentrations in herbivore treatments compared to the controls (within-plant post hoc analyses: P [ 0.05).
Discussion
In our study, on average, native and exotic plants possessed similar stoichiometry, nutrients and total phenolics content, although the range for both groups was large due to the inclusion of species from different plant families. In accordance with this finding, aquatic larvae of P. stratiotata consumed Fig. 2 Relationship between the pooled Parapoynx stratiotata final dry mass and the plant nitrogen content (A), phosphorus content (B), molar carbon-to-nitrogen ratio (C) and molar carbon-to-phosphorus ratio (D) similar amounts of native and exotic plants. These results do not point to enemy release, which would have been the case if exotic plant species had not been consumed by native caterpillars of P. stratiotata (Keane & Crawley, 2002; Colautti et al., 2004) . Instead of enemy release, we found that P. stratiotata can provide biotic resistance to the invasion by a number of exotic plant species, as three of the four species that we tested were eaten by the caterpillars. The main challenge for P. stratiotata seems not coping with plant origin, but tackling the stoichiometric mismatch between the CNP ratios of itself relative to its food.
Most aquatic insect herbivores are polyphagous, especially lepidopterans (Newman, 1991) , which P. stratiotata demonstrates by feeding on seven out of the eleven macrophytes that we offered. Unlike weevils, lepidopterans such as P. stratiotata are not restricted to a specific plant genus or family (Newman, 1991) . Instead we expected the caterpillar to respond to plant traits. Unexpectedly, however, none of the stoichiometric, nutrient or defence traits explained the consumption patterns for P. stratiotata. Whereas plant stoichiometry influences consumption by omnivorous generalist crayfish, fish, snails, ducks and amphipods (Bolser et al., 1998; Cronin et al., 2002; Elger & Fig. 3 Water phosphate concentration and water brownification for each of the eleven tested macrophyte species (mean ± SEM, n = 4 except for C. demersum phosphate: n = 3). Different letters indicate statistically significant differences between plant species. Species abbreviations are listed in Table 1 Lemoine, 2005; Dorenbosch & Bakker, 2011; Bakker & Nolet, 2014) ; our results confirm the few prior results showing that insect herbivory is not as easily explained (Dorn et al., 2001 ). We found that P. stratiotata larvae did not consume Chara contraria, M. verticillatum, R. circinatus and Cabomba caroliniana, despite the favourable nutrient content of several of these plants. In contrast, larvae unexpectedly consumed M. spicatum and M. aquaticum: plants that contained high levels of phenolics, few nutrients, and had unfavourable stoichiometry. Aquatic caterpillars feed differently than most generalist omnivores as they appear to be guided in feeding by secondary metabolites (Erhard & Gross, 2006) , as are many terrestrial insects (Rosenthal & Berenbaum, 2012) . Like some terrestrial Lepidoptera larvae, aquatic caterpillars may ignore quantitative plant defences, which affect nutrient uptake in the gut, as they tolerate them better. For example, Acentria ephemerella, a close relative of P. stratiotata, tolerates tannins, which are degraded in its gut in a similar manner as the terrestrial caterpillar Lymantria dispar (Gross et al., 2008) . But, they grow faster on a plant low in tannins (Potamogeton perfoliatus) than on a plant high in tannins (M. spicatum) (Choi et al., 2002) . These lepidopterans are often sensitive to specific secondary metabolites (Newman, 1991; Gross & Bakker, 2012) . Erhard and Gross (2006) showed that flavonoids of E. nuttallii reduced the feeding by A. ephemerella, although these flavonoids did not increase larval mortality. Secondary metabolites probably affected insect preference in our trials but these are not linked to any of our measured plant traits. For the plants that insects consumed though, we observed large differences in larval growth, indicating that in contrast to plant preference, insect fitness and density may critically depend on plant quality.
Within 96 h, the pooled caterpillar mass differed greatly among the eleven plant species treatments. It is likely that caterpillars gained mass in some treatments, whereas in others they lost mass, due to variation in their consumption of the eleven plant species offered. Furthermore, P. stratiotata and other aquatic Lepidoptera such as A. ephemerella or Munroessa gyralis typically grow very fast on plants of high quality (e.g. Dorn et al., 2001) , which can lead to a fast biomass increase. The observed growth efficiency of 10-20% dry mass consumed to caterpillar mass matches with literature on lepidopteran and herbivore growth efficiency (Scriber & Feeny, 1979; Elser et al., 2000) .
Final caterpillar dry mass was positively related to the plant nitrogen content of their food, and negatively related to plant C:N and C:P ratios. Nitrogen likely drives this relationship, as plant species contained similar amounts of carbon, while the relation between phosphorus and dry mass was not significant. Moreover, neither total phenolics nor the ratio of phenolics to either nitrogen or phosphorus was related to larval mass, which indicates that phenolics did not limit larval growth, but nutrients did. This matches previous findings that both nitrogen and phosphorus can limit insect growth (Newman, 1991; Perkins et al., 2004) . As nitrogen and phosphorus were correlated, though only marginally significant, it was difficult to disentangle their separate effects. Herbivory can release nitrogen and phosphorus and thereby affect nutrient cycling (Pinowska, 2002; Vanni, 2002) . Likewise, we show that consumption by P. stratiotata can affect nutrient release and water quality as the larvae released phosphorus to the water. Interestingly, the phosphorus release depended more on the phosphorus content of plants than on the fresh mass consumed, which may be related to differences in ash content of the plants that affected fresh mass. The mechanism behind the release of phosphate is unknown, as it can have leaked from damaged plants, diffused from faecal pellets, or may have been directly excreted by caterpillars. The release of phosphate, along with larval preference, can alter plant species composition as undamaged species, such as C. contraria or C. caroliniana, could benefit by taking up the recycled phosphate when growing in a multispecies macrophyte community. If no macrophytes are left due to insect herbivory, phytoplankton may take up the nutrients and outcompete macrophytes (Scheffer et al., 2001) . In contrast to phosphate, we measured no increase of nitrate, nitrite or ammonium concentrations following insect herbivory. This may have resulted from a more efficient assimilation of nitrogen than of phosphorus by herbivores, from nutrient uptake or from denitrification by bacteria.
Besides nutrient release, herbivory also induced brownification of the water, probably due to an increase in dissolved organic carbon and its subsequent breakdown into humic acids (Graneli, 2012) . The intensity of herbivore-induced brownification varied among plant species, and was most intense for P. lucens, E. nuttallii and M. spicatum. Decomposition of organic plant matter depends on various factors that influence microbial growth including phenolic compounds, redox state and nutrient content of organic matter (Freeman et al., 2001 ). In our data, there was no apparent relation between any of these factors and the extent of brownification that we observed for the tested plant species.
Insect herbivores can strongly damage macrophytes and alter vegetation composition (Newman, 1991; Johnson et al., 1997; Gross et al., 2001) , especially if fish predation is limited (Miler, 2008) . Dense patches of native and exotic macrophytes provide macroinvertebrates with refuge to predation (Diehl, 1988; Manatunge et al., 2000; Grutters et al., 2015) and may facilitate outbreaks of herbivorous insects. In such outbreaks, P. stratiotata might shift aquatic vegetation towards non-edible species like C. contraria, R. circinatus or C. caroliniana as predicted by our feeding trials. Indirectly, caterpillar feeding can also induce brownification, which inhibits the growth of native plants more than that of exotic plants (Mormul et al.. 2012) , and which may allow herbivorous insects to indirectly shift species composition towards exotic species like E. nuttallii that can tolerate low levels of light. Furthermore, herbivore-induced phosphorus release depended on plant species, which could increase phosphorus availability for phytoplankton or nonedible plants, or even stimulate algal blooms.
We conclude that herbivorous insects can directly or indirectly affect aquatic ecosystems, macrophyte abundance and species composition. In addition, our results indicate that P. stratiotata can provide biotic resistance to the invasion by multiple exotic plants, and that this herbivore seems to be hindered more by stoichiometric constraints of its food than by plant origin. However, the determinants of plant preference for native or exotic species of this caterpillar remain unknown.
